In sugar-grown cells of cowpea Rhizobium strain NGR234 activities for enzymes of the EntnerDoudoroff and pentose phosphate pathways were present while the virtual absence of phosphofructokinase and fructose-bisphosphate aldolase indicated that the Embden-Meyerhof-Parnas pathway was unlikely to be significant. Invertase, fructokinase, glucose-6-phosphate dehydrogenase and the Entner-Doudoroff enzymes were present at only low activities in succinate grown cells, but were induced in sugar-grown cells. Isolated snakebean bacteroids contained very low activities of these four enzymes. Although C,-dicarboxylic acids exerted some repressive effect on induction of these enzymes, there was substantial enzyme activity induced in cells grown on sucrose plus a C, dicarboxylic acid. The data suggest that the peribacteroid membrane may be relatively impermeable to sugars and so dictate the carbon source(s) available to the bacteroids.
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I N T R O D U C T I O N
The carbon metabolism of rhizobial bacteroids in legume root nodules has been a subject of interest for some time. A number of approaches have been used to probe the nature of the carbon compounds which are used by bacteroids for their development and to fuel the energy intensive process of N,-fixation. In particular, studies have focused on the use of mutants defective in the ability to utilize particular carbon compounds (Ronson & Primrose, 1979; Ronson et al., 1981 ; Glenn et al., 1984; Arwas et al., 1985) and on the uptake of metabolites . Studies of various mutants of Rhizobium trij'olii (Ronson & Primrose, 1979; Ronson et al., 198 1) and Rhizobium leguminosarum (Glenn & Brewin, 1981 ; Finan et al., 1983; a!., 1984; Arwas et al., 1985) have shown that sugar-defective mutants nodulate and fix N2 whereas dicarboxylate transport mutants nodulate but are ineffective. These data suggest that the ability to utilize C,-dicarboxylic acids is crucial to an effective symbiosis, whereas the capacity to metabolize sugars is not essential. Most studies which have examined uptake of carbon compounds in isolated bacteroids have reported that they do not actively accumulate sugars , but may receive small amounts by passive diffusion (Reibach & Streeter, 1984) . Because of the possibility of the loss of binding proteins or some other surface components essential for transport (Dilworth & Glenn, 198 I), transport studies with bacteroids without additional supporting data should, we believe, be regarded with some caution. For this reason we have sought an alternative biochemical index of the physiological status of the bacteroid in legume root nodules.
During the course of work on substrate-dependent O2 consumption of cowpea Rhizobium strain NGR234 (Saroso et al., 1984) we found that this organism had a large number of inducible catabolic enzyme systems. Some of these enzymes, particularly those associated with catabolism of sucrose, glucose and fructose, have now been investigated in more detail with a view to using phosphorylase (EC 2.4. I .7) was assayed using a method modified from Mieyal (1972) with 25 mM-phosphate buffer (pH 7.1), 10 mM-MgCl,, 8 mM-sucrose, 1 mM-dithiothreitol and 0.2 mM-NADP. Fructokinase (EC 2.7.1.4) was measured with the glucokinase assay system of Lynch et al. (1975) with fructose as substrate and 50 mM-HEPES (pH 7-0) as the buffer. Glucokinase (EC 2.7.1 .2), glucose-6-phosphate isomerase (EC 5.3.1 .9), triosephosphate isomerase (EC 5.3.1 . I), fructose-l,6-bisphosphatase (EC 3.1 .3,1 l), glucose-6-phosphate dehydrogenase (EC 1.1.1.49), 6-phosphogluconate dehydrogenase (EC 1.1.1 -44) and phosphofructokinase (EC 2.7.1 , 1 1) were assayed using the methods outlined by Lynch et al. (1975) . Fructose-l,6-bisphosphate aldolase (EC 4.1.2.13) was assayed by the methods of Lynch et al. (1975) and Stowers & Elkan (1983) . The Entner-Doudoroff enzymes (6-phosphogluconate dehydratase, EC 4.2.1 .12 and 2-keto-3-deoxy-6-phosphogluconate aldolase, EC 4.1.2.14) were measured using the method of Keele et al. (1969) .
Glyceraldehyde-3-phosphate dehydrogenase (EC 1 .2.1,12) was measured by the method of Allison & Kaplan (1964) . Phosphoglycerate kinase (EC 2.7.2.3) was determined using the method of Suzuki & Imahori (1982) , and phosphoglyceromutase (EC 5.4.2.1) and enolase (EC 4.2.1.11) by the method of Mulongoy & Elkan (1977) . The pyruvate kinase (EC 2.7.1 -40) assay was modified from that of Bucher & Pfleiderer (1955) , using 50 mMphosphate buffer (pH 7.9, 2 mM-ADP, 0.2 mM-NADH, 10 mM-MgC1, and 5 mM-phosphoenolpyruvate.
Ribose-5-phosphate isomerase (EC 5.3.1 .6), ribulose-5-phosphate epimerase (EC 5.1 .3.1) and transaldolase (EC 2.2.1 .2) were measured using the methods of Novello & McLean (1968) . Transketolase (EC 2.2.1 .1) was assayed by the method of Stowers & Elkan (1983) .
3-Hydroxybutyrate dehydrogenase (EC 1.1.1.30) was assayed using 100 mM-Tris/HCl buffer (pH 8-0), 0.5 mM-NAD+, 26 m~-3-hydroxybutyrate, 10 mM-MgC1, and 10 mM-potassium cyanide. Phosphoenolpyruvate carboxylase (EC 4.1.1 .31) was assayed as described by Reibach & Benedict (1977) . Phosphoenolpyruvate carboxykinase (PEPCK, EC 4.1 , 1.49) was assayed according to the method of Krebs & Bridger (1980) except that the buffer was 70 mM-imidazole (pH 6.8).
The method of Reeves et al. (1971) was used to assay citrate synthase (EC 4.1.3.7). Aconitase (EC 4.2.1.3) was measured by coupling to commercial isocitrate dehydrogenase (5 units) (Ochoa, 1955) except the buffer was 35 mM-HEPES (pH 7), and trisodium citrate was at 10 mM. The rhizobial enzyme had an absolute requirement for cysteine (0.5 mM) and FeSO, (0.5 mM). 2-Oxoglutarate dehydrogenase (EC 1 .2.4.2) was measured by the method of Von Tigerstrom & Campbell (1966) , succinic thiokinase (EC 6.2.1.5) as described by Cha (1969) , and succinate dehydrogenase (EC 1.3.99.1) as described by Hederstadt et al. (1979) except that the buffer was 12 mMpotassium phosphate (pH 7.4) and the substrate was 10 mM succinate. Fumarase (EC 4.2.1 .2) was assayed by the method of Hill & Bradshaw (1969) except the buffer was 80 mM-pOtaSSiUm phosphate (pH 8) and malate was at 10 mM. Malate dehydrogenase (EC 1 . 1 . 1 .37) was assayed using 60 mM-potassium phosphate (pH 7.5), 0-2 mM-NADH, 2 mM-oxaloacetate and 1 mM-KCN. Isocitrate dehydrogenase (EC 1.1.1.41) was measured using 35 mM-HEPES (pH 74), 1 mM-MnSO,, 1 mM MgSO,, 0.2 mM-NADP and 10 mM-DL-trisodium isocitrate.
Enzymes were from Sigma and chemicals from BDH or Ajax Chemicals.
R E S U L T S A N D DISCUSSION
Pathways of sugar catabolism Cell-free extracts derived from glucose grown cells of strain NGR234 contained enzymes of the Entner-Doudoroff pathway (Table 1 ). The enzymes of the pentose phosphate pathway (6- phosphogluconate dehydrogenase, ribose-5-phosphate isomerase, ribulose-5-phosphate epimerase, transketolase and transaldolase) were also present (Table 1) . Phosphofructokinase, a key enzyme in the Embden-Meyerhof-Parnas (EMP) pathway, was present in barely detectable levels even though it was assayed (a) over the pH range 6-7-5 (in 50mM-MES or HEPES or 40 mMTris/HCl), (h) over a fructose 6-phosphate concentration range of 1-4 mM at an ATP concentration of 2.5 mM, (c) over an ATP concentration range of 0-6-4.2 mM at a fructose 6-phosphate concentration of 1 mM and ( d ) in the presence or absence of 1 mM-dithiothreitol.
Similarly there was a barely detectable activity of fructose-l,6-bisphosphate aldolase (Table 1 ) measured in the presence of either Co2+ or Mg2+. The remaining enzymes of the EMP pathway were all present in extracts derived from glucose-grown cells although the activities of glyceraldehyde-3-phosphate dehydrogenase and phosphoglyceromutase were somewhat lower than the others (Table 1 ). The lack of significant phosphofructokinase and fructose-l,6-bisphosphate aldolase in NGR234 suggests that the EMP pathway is probably not a significant route for sugar catabolism in this strain. Similar activities of these sugar catabolic enzymes were observed in cells of NGR234 grown on sucrose or fructose (Table 1 ). These data suggest that C,-and C, ,-sugars are metabolized via the Entner-Doudoroff and pentose phosphate pathways and that the EMP pathway is not significant in hexose catabolism. This is similar to the situation described for other fast-growing rhizobia like R. trijolii (Ronson & Primrose, 1979) and R. leguminosarurn .
Inducible sugar catabolic enzymes
Although sugar grown cells of NGR234 contained significant activities of the enzymes of the Entner-Doudoroff and pentose phosphate pathways, cells grown on a C,-dicarboxylic acid like succinate had only low activities of some of the sugar catabolic enzymes (Table 1) .
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Glucose-6-phosphate isomerase was found in cells grown on all carbon sources tested (Table   l) , though its activity was significantly lower (P < 0.01) in cells grown on succinate than in those grown on sugars. A number of enzymes had significantly lower activities in succinate-grown than in sugar-grown cells, e.g. glucokinase (P < 0-OOl), 6-phosphogluconate dehydrogenase (P c 0.0 l), ribose-5-phosphate isomerase (P < OnOl), ribulose-5-phosphate epimerase (P c 0.001) and transaldolase (P < 0-05). The activities of transketolase, however, were not significantly different (Table 1) .
By contrast, PEPCK and fructose-l,6-bisphosphate aldolase were significantly (P < 0.001) higher in extracts derived from succinate-grown cells than those grown on sugars. These results are consistent with a role for these enzymes in gluconeogenesis. However, these activities were significantly lower than those found for these enzymes in R. leguminosarum (McKay et al., 1985) .
Invertase was increased (P < 0.001) by growth in the presence of sucrose (Table 1) confirming previous work . Growth in the presence of glucose, fructose, mannitol or succinate failed to induce the enzyme. There was no detectable sucrose phosphorylase activity in cell-free extracts of sucrose-grown NGR234, suggesting that invertase is the sole means for the cleavage of sucrose. Fructokinase activity was markedly increased by growth with fructose (P < 0.02) and sucrose (P < 0.02). Glucose-6-phosphate dehydrogenase (P < 0.0 1) and the Entner-Doudoroff enzymes (P < 0.00 1) were also increased by growth on sugars and were present in only low activities in succinate grown cells (Table 1) .
Efect of succinate on the induction of glucose-6-phosphate dehydrogenase and the Entner-Doudorofl enzymes Invertase, fructokinase, glucose-6-phosphate dehydrogenase and the Entner-Doudoroff enzymes are of interest because they are induced by growth on particular sugars, and are present in only small amounts in succinate-grown cells. The induction of these enzymes by sugars opens a means of determining whether these sugars are accessible to snakebean bacteroids.
This proposition is valid only if expression of the sugar catabolic enzyme genes is not subject to extreme catabolite repression. Ucker & Signer (1978) Cells of NGR234 were grown in fumarate (10mM) -minimal salts medium to midexponential phase (OD&T, approx. 0.6), centrifuged, washed twice with salts (Brown & Dilworth, 1975) and resuspended in fumarate (10 mM) or sucrose (10 mM) or fumarate plus sucrose (both at 10 mM). Samples (50 ml) were taken at 2 h intervals for the preparation of cellfree extracts and the activities of glucose-6-phosphate dehydrogenase and the EntnerDoudoroff enzymes were determined (Fig. 1) . There was a 6-fold increase in specific activity of the glucose-6-phosphate dehydrogenase and a 10-fold increase in the activity of the EntnerDoudoroff enzymes in the cells grown on sucrose. In the cells grown on fumarate there was no increase in specific activity. Cells grown on sucrose plus fumarate induced these enzymes to approximately 50% of the activity found in the sucrose grown cells (Fig. 1) . While the C4-dicarboxylic acid does exert some repressive effect on the induction of these two sugar catabolic enzymes, it does not, even in an equimolar mixture with sucrose, more than partially repress their synthesis.
Enzymes of the tricarboxylic acid (TCA) cycle
The enzymes of the TCA cycle were essentially constitutive (Table 2 ) and did not offer any clear-cut variation in activity of value for probing the physiological status of the bacteroid.
Enzyme activities in isolated snakebean bacteroids
All of the TCA cycle enzymes were present in the bacteroids (Table 2) , though some of the activities were significantly lower than those found in free-living cells. The very low activity of PEPCK (Table 2) suggests that snakebean bacteroids are not gluconeogenic and that the plant Citrate synthasemust therefore supply sufficient sugar for bacteroid growth and development. A similar situation appears to exist in a PEPCK-deficient mutant of R. leguminosarum . The activities of the EMP and pentose phosphate enzymes in isolated bacteroids were, on the whole, similar to the activities found in succinate-grown cells. A notable exception to this generalization was phosphoglycerate kinase, which was present in significantly lower activities (P < 0.001) in the bacteroid than in free-living cells (Table 1 ). The lack of phosphofructokinase suggests that the EMP pathway is also inoperative in bacteroids (Table 1) .
Snakebean bacteroid extracts contained only low or zero activities of invertase, glucose-6-phosphate dehydrogenase, the Entner-Doudoroff enzymes and fructokinase (Table 1) . It was important to establish that such enzymes were not being lost from bacteroids by leakage. In control experiments, nodule sap which had been filtered through cheese cloth was centrifuged through Percoll gradients. In such experiments all of the 3-hydroxybutyrate dehydrogenase activity (a bacteroid cytoplasmic marker enzyme) was associated with the bacteroid fraction [25-48 nmol min-' (mg protein)-' ] and all the phosphoenolpyruvate carboxylase activity (a
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plant cytosol marker enzyme) was associated with the soluble plant fraction. Thus, the very low activities of the inducible sugar catabolic enzymes cannot be explained by leakage from the bacteroid.
Catabolite repression of sugar enzyme synthesis by C,-dicarboxylic acids is also an inadequate explanation of these observations, since Fig. 1 shows that in the free-living bacteria fumarate does not exert a sufficiently strong repressive effect.
These experiments, taken together with the lack of sugar transport or oxidation in isolated bacteroids of NGR234 (Saroso et al., 1984) , suggest that sugars do not enter the bacteroid in any significant quantities. Even if hexose phosphates were to enter the bacteroid, the virtual absence of glucose-6-phosphate dehydrogenase would mean that the bacteroid would have only very limited access to the pentose phosphate or Entner-Doudoroff pathways for their metabolism.
An alternative, though we believe unlikely, view is that the regulation of the genes coding for the sugar catabolic enzymes in the bacteroid changes so that the enzymes are insensitive to induction by sugars. Other studies (Saroso et af., 1984) have established that the dicarboxylate permease is induced in the bacteroid, showing that such cells do retain the capacity to respond to external inducers. If sufficient sugars were passing through the peribacteroid membrane, it is difficult to see why a similar induction of sugar transport and catabolic enzymes should not occur. We believe that the simplest explanation consistent with the data is that the peribacteroid membrane is relatively impermeable to sugars, and acts as a control on their entry into the peribacteroid space. If this is indeed the case the peribacteroid membrane may have a crucial role in dictating the flow of metabolites both to and from the bacteroid.
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